Objective.-To interrogate hippocampal morphology and structural co-variance patterns in migraine patients and to investigate whether structural co-variance patterns relate to migraine disease characteristics.
Mounting evidence from structural and functional neuroimaging studies of migraine indicate alterations in a broad network of brain regions associated with pain processing, including several studies that have shown alterations in the hippocampus. [1] [2] [3] [4] However, the relationship between the hippocampus with other brain regions involved in pain processing and the precise role of the hippocampus in the pathophysiology of migraine remain insufficiently understood. One way of interrogating intrinsic brain connectivity is to investigate how brain regions co-vary with one another in size, or in function. 5, 6 Morphological features of the brain (such as regional estimates of brain volume or cortical thickness) are known to co-vary with one another in size and are thought to reflect the underlying functional organization of networks. 7 In healthy control populations, structural co-variance patterns are known to relate to mood, cognitive performance, and environmental factors, 8 but whether structural co-variance patterns are altered by migraine has yet to be determined. The hippocampus, an integral component of the limbic system, is perhaps best known for its importance in memory and learning. However, recent evidence from human neuroimaging studies has implicated the hippocampus in mediation of emotional components of pain 9 and in playing a critical role in the transition from acute to chronic pain. 10 The purpose of this study was to interrogate whether migraine was associated with aberrant hippocampal morphometry and to determine if hippocampal connectivity, measured via structural co-variance techniques, differed among individuals with migraine compared to healthy controls. This study explored hippocampal morphology in migraine patients and healthy controls using magnetic resonance imaging (MRI) data. Specifically, this study explored alterations in interregional brain volume correlations with the left and right hippocampus in migraineurs relative to healthy controls and determined whether alterations in volume co-variance patterns were related to migraine-specific factors such as headache frequency, years lived with migraine, and symptoms of allodynia.
METHODS
Subjects.-A total of 118 individuals (61 migraine patients and 57 healthy controls) were included in this study. Participants were recruited from Mayo Clinic Arizona and Washington University School of Medicine in St. Louis. All subjects signed informed consent prior to being enrolled in this study. This study was approved by the local institutional review boards. All subjects were compensated for their time. Exclusion criteria for healthy controls and migraine patients included history of neurological disorder other than migraine. Migraine patients were diagnosed with episodic or chronic migraine using the diagnostic criteria established by the International Classification of Headache Disorders (ICHD-II) guidelines.
11 Fifty-two patients were diagnosed with episodic migraine and nine patients were diagnosed with chronic migraine, 27 migraine patients had aura, and 34 migraine patients had migraine without aura. All migraine patients had migraine for a minimum of 3 years and none of the migraine patients were taking opioids or migraine preventive medication. Migraine patients were included if they were headache-free for at least 48 hours prior to testing. Healthy controls were included in this study if they never had headaches or had occasional tension-type headaches with a frequency <3 days per month. Imaging and questionnaire data were collected from healthy controls and migraine patients during a single 2 1 = 2 -hour appointment. For migraine patients, headache frequency was calculated as the average number of headaches experienced over a 30-day month. This was determined as follows: patients were asked on how many days per month (given a 30-day month) they had a headache of any severity and on how many days per month they were completely headache-free. Subjects were told that the number of headache days per month and the number of headache-free days per month had
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to total 30 days. The days per month that patients said that they had a headache of any severity were considered "headache days." Levels of depression and anxiety were determined for all subjects using the Beck Depression Inventory (BDI) and the State/Trait Anxiety Inventory (STAI, Form Y-1 and Form Y-2), respectively. 12, 13 Symptoms of cutaneous allodynia were evaluated using the allodynia symptom checklist (ASC-12). 14 Regional cortical and subcortical brain estimates were extracted from FreeSurfer and exported to R Statistical Software 29 for further analysis using the core, ppcor, psych, mass, and relaimpo packages. Brain Structural Co-Variance Analysis.-Regional brain volume correlations with the right and the left hippocampus were interrogated for each group (migraine patients and healthy controls) and controlled for age, sex, and scanner variability. Using a data-driven approach, only regions that significantly (P < .05) correlated with the right or left hippocampus in either the migraine patients or healthy controls were included in subsequent analyses. First, the structural volume correlations of 160 regions with the left and right hippocampus were calculated for healthy controls and migraine patients. This included a total of 160 3 2 3 2; 640 tests. P 5 .05/ 640 was used as the cutoff for significance for this part of the analysis. For example, if in either group area x did not co-vary in size with the right or left hippocampus, then this area was not included in further analyses. This method ensured that areas were not further interrogated if they had no relationship to either the right or left hippocampus. Results were corrected for multiple comparisons using a Bonferroni correction. The resultant list contained 24 region pairs (all including either the left or right hippocampus). Subject cohort differences in correlation strength were estimated using Euclidian distance calculations. A paired z-test between independent correlations was applied to determine which correlations were significantly different between cohorts. 30 To interrogate whether differences in structural co-variance patterns between migraineurs and healthy controls were related to clinical parameters, linear regression models were generated for headache frequency, years lived with migraine, symptoms of allodynia, anxiety scores, and depression scores. A stepwise linear regression using the Akaike information criterion (AIC) was used to generate the models. The AIC is a measure of fit of a model, penalized for complexity. For the same set of data, a model with a lower degree of complexity (fewer regressors) and better fit will have a better (lower) AIC than a model with greater complexity and worse fit. The regression models investigating potential relationships between MRI data and clinical parameters included each of the regional volume pairs that had significantly different structural covariance between migraineurs and healthy controls. The strength of the structural covariance and the volume of each region were included in the regression models. The stepwise regression method that was used iterated through seven additional models (including the initial full model) before the reported model. To limit the number of variables that were included in the regression model, only regions for which migraineurs showed significantly stronger co-variance with either right or the left hippocampus (regions shown in Table 2 ) were included in the regression model. The relative importance of each regressor was estimated using the relaimpo package of R Statistical Software, which estimates the contribution of each regressor as the average of its contribution over all possible orderings of regressors. For example, if the correlation between the volume of the right hippocampus and volume of region "x" was found to be different between migraineurs and control groups, then right hippocampal volume, volume of region "x," and the right hippocampus and volume "x" interaction were included as potential predictors in the regression models. This is to allow the relationship between the clinical measures and structural covariance features to be explored through the interaction effects.
RESULTS
Demographics: Subject demographics are listed in Table 1 . Subject groups were well-balanced with one another and there were no significant group differences for age (healthy controls: median age 5 There was a significant difference in the depression raw scores between groups (migraineurs: median depression raw scores 5 3.0, IQR 5 6.0; healthy controls: median depression raw scores 5 1.0, IQR 5 3.0; P 5 .03); however, the median raw scores of both groups were in the average, nondepressed range. Two scanners were used to perform the MRIs. Thirty-one (54.3%) healthy controls and 34 (55.7%) migraineurs were imaged on scanner I, while the remaining subjects were imaged on scanner II. There was no difference between the ratios of migraine patients and healthy controls that were imaged on scanner I versus scanner II (P 5 .99). Migraine patients had on average 6.0 headache days per month (median , P 5 .07). There were no differences in total grey matter volume between groups (P 5 .14), indicating that group differences in hippocampal volume were not driven by overall group differences in total cortex volume.
There was not a significant correlation (P < .05) between right, left, or total hippocampal volume and levels of depression (BDI) or levels of anxiety (state/trait). Hippocampal volume was significantly correlated with allodynia symptom severity scores (left hippocampus: r 5 20.286, P 5 .025; right hippocampus: r 5 20.302, P 5 .018). There were not significant correlations between left or right hippocampal volumes with years lived with migraine (left hippocampus: r 5 20.097, P 5 .455; right hippocampus: r 5 20.086, P 5 .510) or with migraine frequency (left hippocampus: r 5 0.057, P 5 .661; right hippocampus: r 5 0.022, P 5 .866).
Structural Co-Variance Differences Between Migraineurs and Healthy Controls.-Nine hippocampal volume correlations (two involving the left hippocampus and seven involving the right hippocampus) differed significantly between migraineurs and healthy controls. Migraine patients had significantly stronger structural covariance between the left and right hippocampus with the left inferior frontal opercular gyrus and the right precuneus (Table 2) . Additionally, migraine patients had stronger structural covariance of the right hippocampus with the left planum temporale, left angular gyrus, bilateral amygdala, and the right cerebellar white matter. There were no regions were migraine patients showed weaker structural covariance between the either left or right hippocampus and the other brain regions.
Associations Between Hippocampal Volumes and Hippocampal Volume Interactions With Allodynia.-There were significant associations between allodynia symptom severity scores with regional volumes and the interactions between the regional volumes with hippocampal volumes (P 5 .04) (only regions that had hippocampal volume correlations differing between migraineurs and healthy controls were included in this analysis). Specifically, region-to-region volume interactions that significantly related to severity of allodynia included right hippocampal volume with left inferior frontal gyrus, left planum temporale, and right amygdala. Single volumes that related to severity of allodynia included the following: left inferior frontal gyrus, left planum temporale, right cerebellar white matter, left amygdala, left angular gyrus, and right hippocampus. The final regression model for variance in allodynia symptom severity scores that was attributed to regional volumes and their interactions had an R-squared value of 33.0% (Table 3) . There were no significant associations between structural co-variance patterns with headache frequency or years lived with migraine (P > .05).
DISCUSSION
Migraine is associated with structural and functional alterations of regions mediating the cognitive, affective, sensory components of pain. Although the limbic network is a key circuit for pain processing, the role of the hippocampus in migraine-specific pain is insufficiently understood. The hippocampus is known to be involved in memory and learning, yet more recent evidence from animal and human studies suggest that the hippocampus also plays a role in chronic pain conditions. 31, 32 The main findings of this study were that migraineurs had less left and less total (left 
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R-squared describes the amount of variation explained by the model; the contribution of each term to the R-squared was calculated using the relaimpo package within R Statistical Software. Regions in bolded print indicate areas that show stronger connectivity to the left and to the right hippocampus. l 5 left; r 5 right. Brain regions are listed according to the Destrieux Atlas naming conventions. Planum Temporale 5 temporal-parietal junction, r 5 strength of region-pair correlations for migraine patients and healthy controls.
and right) hippocampal volume relative to healthy controls. Additionally, migraine patients showed a strengthening of structural co-variance patterns, suggestive of stronger connectivity, between the hippocampi and cortico-limbic regions. Hippocampal volumes and the interaction between hippocampal volumes with other cortico-limbic brain regions correlated with the severity of allodynia symptoms. Hippocampal Volume.-In this study, migraine patients had less left hippocampal volume and less total (left and right) hippocampal volume compared to healthy controls. Similar findings were shown in a previous study investigating hippocampal morphology in migraine. Specifically, Borsook et al found less hippocampal volume in high-frequency episodic migraine patients who had on average 8-14 headache days per month relative to low-frequency migraine patients who had on average 1-2 headache days per month. 4 Liu et al 1 reported that fluctuations of hippocampal volume were associated with the frequency of migraine attacks and reported that in migraine patients, there was a positive association between right hippocampal volume and good 2-year headache outcome (>50% reduction of headache frequency). Less hippocampal volume has also been reported in patients with myofascial pain and fibromyalgia relative to healthy control cohorts. 33, 34 Morphological changes in the hippocampus were found in a recent meta-analysis of fibromyalgia patients. 35 Interestingly, Apkarian et al 10 found that hippocampal volumes were smaller in patients who later progressed from acute to chronic back pain relative to patients who recovered from back pain, perhaps suggesting that smaller hippocampal volume is associated with a predisposition to developing chronic pain. Although some data suggest that the hippocampus is related to emotional components of pain, 36 we did not find a relationship between hippocampal volume and measures of depression or anxiety. However, as the average levels of depression and anxiety for migraine patients in this study were within the normal nondepressed and nonanxious ranges, our data might have lacked sensitivity for detecting such relationships. Contrary to the current findings, several studies have found more hippocampal volume in migraine patients and in patients with chronic pain relative to control populations. Hubbard et al 37 and Neeb et al 38 reported more hippocampal volume in migraine patients and more hippocampal volume was reported in a study that investigated the brain morphology in patients with burning mouth syndrome. 39 Results of a meta-analysis of chronic pain studies found the hippocampus to be the only region that had larger volumes in patients compared to controls. 40 The heterogeneity of results might be reflective of differences between studies related to sample sizes, patient populations, and data analysis techniques, thus suggesting the need for future validation studies.
Cortico-Limbic Connections Are Altered in Migraine.-Compared to healthy control subjects, migraine patients had stronger correlations between bilateral hippocampal volumes with frontal (inferior opercular gyrus), temporal (planum temporale, amygdala), parietal regions (angular gyrus, precuneus), and cerebellar regions involved in pain processing. Particularly, migraine patients showed stronger structural covariance between the left inferior opercular gyrus and the right precuneus with the left hippocampus and the right hippocampus.
Evidence from the migraine and chronic pain literature corroborates our findings of a strengthening or perhaps reorganization of limbic and corticolimbic functional pain networks. Several migraine studies found increased functional connectivity among limbic regions. Mainero et al showed that high-frequency migraineurs as compared to lowfrequency migraineurs had stronger functional connectivity among anterior insula, temporal pole, and hippocampus, perhaps indicating a strengthening of functional connectivity patterns with increasing headache frequency. Yu et al 41 demonstrated that relative to episodic migraine patients, chronic migraine patients had stronger functional connectivity between bilateral amygdala areas and the bilateral inferior temporal gyri. Furthermore, in patients with persistent back pain, functional connectivity strength between the hippocampus and the medial prefrontal cortex correlated with pain persistence over time, yielding evidence to the notion that this functional circuit might be involved in the transition from acute to chronic pain. 42 Additionally, in pediatric patients with complex regional pain syndrome, those patients with higher levels of pain-related fear had stronger functional connectivity between the left amygdala and the right hippocampus. 43 Strengthening of Hippocampal-Cerebellar CoVariance Patterns in Migraine.-A number of neuroimaging studies have shown structural and functional alterations in cerebellar regions in migraineurs [44] [45] [46] and increased connectivity during nociception between the cerebellum and brainstem regions and between the cerebellum and thalamic regions. 46 In this study, we found that structural co-variance patterns between the right hippocampus and the right cerebellar white matter were strengthened in migraineurs. However, the precise explanation for why stronger cerebellar-hippocampus connectivity is associated with migraine remains unclear. Allodynia Relates to Morphometry Changes in the Cortico-Limbic Pain Network.-In migraine patients, hippocampal volumes and interactions between hippocampal volumes with other corticolimbic regions significantly related to allodynia symptom severity but did not relate to headache frequency or to years lived with migraine. These results suggest that altered hippocampal volumes and aberrant connectivity between the hippocampus and other corticolimbic brain regions are related to migraineassociated allodynia but are not directly impacted by the cumulative effects of recurrent migraines. Similar findings were observed in a study investigating complex regional pain syndrome in which pain intensity but not pain duration was related to left posterior hippocampus and left amygdala volumes. 47 
LIMITATIONS
There are several limitations to our study. It is possible that presence or absence of migraine family history in our subject cohorts might have had an influence on our results. Future studies will be necessary to further identify how family history of migraine influences structural co-variance patterns in migraine patients and healthy controls. Migraine patients and healthy control subjects were imaged using two 3-T Siemens Scanners. Although equal proportions of healthy controls and migraine patients were imaged on both scanners and the use of multiple scanners was included as a covariate in the statistical models, there is still potential that the use of multiple scanners influenced study results. Last, due to sample-size limitations, there is potential that the results of this study might not replicate to the migraine population at large. Future studies, using larger subject populations will be needed to validate the current results. Several imaging studies have found that structural covariance patterns strongly converge with functional connectivity patterns, which might suggest that both reflect common brain architectural networks. 5, 48, 49 Future studies that interrogate both hippocampal structural and functional co-variance patterns will be needed to better understand commonalties and differences in the brain network architecture.
CONCLUSION
Relative to healthy controls, migraineurs have less left hippocampal and less total hippocampal volume. In migraineurs, there was stronger connectivity between hippocampal and cortico-limbic regions, which related to allodynia symptom severity, but not to headache frequency, or to years lived with migraine. These results might indicate that strengthening of the hippocampalcortico-limbic network relates to the severity of migraine-associated allodynia symptoms. 
